Purpose : To compare the frequency and the degree of mosaicism in human embryos from Robertsonian translocation (RT) t(13;14) carriers, with embryos from karyotypically normal IVF patients. Methods : FISH analysis of embryos from PGD cycles for RT t(13;14), with probes for chromosomes 13, 14, and 18 (Group I) and of embryos from karyotypically normal IVF patients with probes for chromosomes 13, 18, 21, X, and Y (Group II). Results : The incidence of abnormal mosaic embryos was significantly higher in group I (38/51) as compared with group II (6/45) (χ 2 : P < 0.01). Furthermore, in group I the percentage of diploid cells per embryo was lower for chromosome 13 and 14 in comparison with 18, while in group II no differences were observed between the five chromosomes analyzed. Conclusions : RT induces a high frequency of mosaicism specifically for the chromosomes implicated in the translocation; the analysis by FISH of two blastomeres is strongly recommended for these patients.
INTRODUCTION
Since the advent of preimplantation genetic diagnosis (PGD) (1) and its application to detect chromosome anomalies on human preimplantation embryos by FISH analysis (2, 3) , many studies revealed a high frequency of chromosome mosaicism (4) (5) (6) (7) (8) (9) (10) (11) (12) . This largely documented phenomenon has many practical implications. In particular, the coexistence on the same embryo of different cell lines with dif-ferent chromosome arrangements produces a risk of misdiagnosis with PGD by FISH analysis performed on one or two blastomeres. PGD by FISH was largely applied to detect abnormal embryos from carriers of chromosome reciprocal translocations and Robertsonian translocations (RTs) (13) (14) (15) (16) (17) (18) . In a previous study (18) the incidence of mosaicism and the frequency of abnormal chromosome segregation were analyzed in human embryos from translocation carriers. A higher frequency of mosaicism and a higher degree of abnormal segregation were detected for the chromosomes implicated in the translocation in comparison with other autosomal chromosomes. These findings, if confirmed, involve a higher risk of misdiagnosis when PGD is performed on embryos from patient carriers of translocations. We present here a study performed on spare embryos from carriers of RT t (13;14) that underwent a PGD cycle, in which frequency and degree of mosaicism for the chromosomes implicated in the translocation were compared with the not-involved chromosome 18 of the same embryos, and with chromosomes 13, 21, 18, X, and Y of embryos from karyotypically normal IVF patients. Couples signed an informed consent to allow FISH analysis of spare embryos. The study was approved by the Ethical Board of our hospital with protocol number 99/121.
MATERIAL AND METHODS

Stimulation Protocol and Oocyte Recovery
Ovarian stimulation was performed using gonadotrophin releasing hormone analogue (Buserelin acetate: Suprefact spray; Hoechst Inc., Frankfurt, Germany), human menopausal gonadotrophin (hMG; Humegon, Organon Inc., Oss, The Netherlands), and human chorionic gonadotrophin (hCG; Pregnyl, Organon Inc.). Oocyte retrieval was performed through vaginal puncture under ultrasound guidance. In vitro oocyte culture and preparation for ICSI have been described elsewhere (10) .
FISH Analysis
Control Lymphocytes. The efficiency of the FISH technique and the specificity of the probes were previously tested on interphase nuclei and metaphase chromosome spreads of karyotypically normal individuals, prepared from lymphocyte cultures.
FISH Analysis of Embryos from PGD Cycles for RT t(13;14) (Group I). Fifty-one spare embryos from five couples that underwent seven PGD cycles at our fertility clinic were donated to research in science after informed consent. The mean age of the patient ranged from 32 to 39 years (average = 35.4, SD = 2.9). Only normally fertilized embryos (presenting two pronuclei 16-20 h after the insemination) and embryos with a percentage of fragmentation <50% were included in the study. Embryos were cultured until Day 5 in a "Homemade" sequential medium. For FISH analysis they were spread on slides by HClTween 20 method, as described elsewhere (19) and were then hybridized with a probe mixture containing a locus-specific probe (LS13q14), spectrum green (Vysis Inc., Downers Grove, Illinois), for chromosome 13, a telomeric probe (Tel 14q), spectrum orange, for chromosome 14 (Vysis Inc.) and a centromeric probe (CEP 18), spectrum green + spectrum orange, for chromosome 18 (Vysis Inc.) for ploidy control. Counterstaining of nuclei was performed by adding 4 ,6-diamidino-2-phenylindole (DAPI; Sigma) in antifade solution (Vectashield; Vector Laboratories) on the slides. The slides were analyzed at ×1000 magnification using a Zeiss Axioskop fluorescent microscope equipped with 100-W epifluorescent illumination and a single-band pass filter set (Vysis Inc.) for DAPI, fluorescein isothiocyanate, and spectrum orange. By this approach the embryos carrying normal or balanced chromosomes (displaying even spots for each probe) can be differentiated from embryos carrying unbalanced chromosomes (displaying uneven spots for one or two probes) (13) .
FISH Analysis of Embryos from IVF Patients (Group II).
Forty-five spare embryos were donated to research in science after signed informed consent from 24 couples with normal karyotype, undergoing in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) for infertility at our fertility clinic. The maternal age ranged from 25 to 42 years (average 33.8, SD = 4.2). The difference between the age of the patients in group I and II was not significant (t Student P = 0.5). Only normally fertilized embryos (presenting two pronuclei 16-20 h after the insemination) and embryos with a percentage of fragmentation <50% were included in the study. Embryos were cultured up to day 5 in a "Homemade" sequential medium and were then spread and fixed on slides with 0.01 N HCl 0.1% Tween 20 for FISH analysis, as described elsewhere (19) . Five directly labeled DNA probes were used in a two-round hybridization protocol for the simultaneous detection of chromosomes X, Y, 13, 18, and 21. All the probes were obtained from Vysis Inc. (Downers Grove, Illinois). The first round was performed using centromeric probes specific for chromosomes X (CEP X, locus DXZ1, spectrum green), Y (CEP Y, locus DYZ3, spectrum orange), and 18 (CEP 18, locus D18Z1, 1:1 spectrum green + spectrum orange mixture). The second round was performed with locus-specific probes for chromosomes 13 (LSI 13, locus 13q14, spectrum green) and 21 (LSI 21, locus 21q22.13-q22.2, spectrum orange). In the first round, FISH was performed as previously described (20) . Counterstaining of nuclei was performed by adding DAPI (Sigma) in antifade solution (Vectashield; Vector Laboratories) on the slides. After analysis of results from the first FISH round slides were rinsed in 1× PBS for 5 min, dehydrated through an ethanol series, and left to air-dry. The second set of probes (chromosomes 13 and 21) was applied on the slides and co-denatured at 73
• C for 5 min prior to be left to hybridize in a humidified chamber at 37
• C overnight. The slides were analyzed at ×1000 magnification using a Zeiss Axioskop fluorescent microscope equipped with 100-W epifluorescent illumination and a single-band pass filter set (Vysis Inc.) for DAPI, fluorescein isothiocyanate, and spectrum orange. The scoring criteria previously described (21, 22) were applied for chromosome evaluation.
Embryo Chromosome Pattern Classification. Chromosome patterns were classified according to criteria previously proposed (4, 11 
RESULTS
Control Lymphocytes.
One hundred male lymphocytes were scored for optimization of FISH signal patterns with the same probe mixture used for the embryo FISH analysis. An average of 96.5% of interphase nuclei displayed the expected number of signals for all the probes.
Embryos from PGD Cycles for RT t(13;14) (Group I). Fifty-one spare embryos were analyzed by FISH on Day 5: 15 embryos at 2-15 cell stage, 12 morulae, and 24 blastocysts. All the embryos analyzed, except one, displayed a mosaic chromosome constitution, and the coexistence of up to 19 different cell lines in the same embryo were observed. Twelve embryos were diploid mosaics and only one was normal. Thirty-eight embryos were abnormal mosaics for at least one chromosome (13 early-cleavage embryos, 9 morulae, and 16 blastocysts). Thirty-seven of them were abnormal mosaics for one or both chromosomes involved in the RT, in nine cases they were additionally abnormal mosaics for chromosome 18, and in one case they were abnormal mosaics only for chromosome 18. In Fig. 1 are shown the average percentages of diploid cells per embryo for each chromosome analyzed at the three developmental stages. The mean percentages of diploid cells per embryo were significantly higher for chromosome 18 in comparison with chromosome 13 and 14, at the three developmental stages analyzed (Mann-Whitney test: P < 0.01). The average percentage of tetraploid cells per embryo was 11.7 ± 13.3 and it was 14.2 ± 13.8, 10.0 ± 9.6, and 7.4 ± 8.5 in blocked embryos, morulae, and blastocysts.
Embryos from IVF Cycles (Group II). Forty-five spare embryos were analyzed by FISH on Day 5: 16 embryos at (4-10) cell stage, 14 morulae, and 15 blastocysts. Nine embryos were normal, 30 were diploid mosaics and 6 were abnormal mosaics for at least one of the five chromosomes analyzed (5 early-cleavage embryos and 1 blastocyst). In the embryos displaying a mosaic chromosome constitution the coexistence of up to 23 different cell lines was observed. The principal diploid cell line was associated with a proportion of tetraploid cells and with further completely chaotic chromosome arrangements. In Fig. 2 are shown the average percentages of diploid cells/per embryo for each chromosome analyzed at the three developmental stages observed on Day 5. No statistical differences were observed in the percentage of diploid cells between the five chromosomes analyzed at each devel- opmental stage (Kruskall-Wallis test). The mean percentage of tetraploid cells per embryo was 5.8 ± 10.8, 3.4 ± 6.7, and 3.8 ± 4.2 for blocked embryos, morulae, and blastocysts, respectively. The average percentage of tetraploid cells for all the embryos analyzed was 4.5 ± 7.9.
DISCUSSION
In a previous study on embryos from patient carriers of translocations, a higher incidence and a higher degree of mosaicism were detected for the chromosomes involved in the translocation in comparison with not-involved chromosomes from the same embryos (18) . In the present study we observed that the frequency of diploid cells was lower in carriers of RT t(13;14) than those in karyotypically normal embryos (see Figs. 1 and 2 ). This held true for the chromosome involved in the translocation (13;14) and the results were less impressive in chromosome 18. Presumably, this nonspecific interchromosomal arrangement reflects three-dimensional perturbations of segregation distortion because of the chromosome being present in a trivalent. Embryos from group I were more frequently abnormal mosaic (<62% of diploid cells) for the chromosomes 13 and 14 as compared with the control chromosome 18. Moreover, we compared the mosaicism patterns of these embryos with embryos from karyotypically normal couples that underwent IVF cycles (Group II), in which FISH analysis of chromosomes 13, 21, 18, X, and Y, more often implicated in aneuploidies producing abnormal live-born or recurrent miscarriages, was performed. Mosaicism is a largely documented phenomenon observed in human preimplantation embryos (5) (6) (7) (8) (9) (10) (11) (12) . Several reasons have been proposed to explain the high incidence of chromosome mosaicism observed in preimplantation IVF embryos, for example, in vitro culture conditions (23) or the missing of a cell-cycle checkpoint mechanism in early-cleavage embryos (24) . Recently the results on the changes in mosaicism pattern during the development of human embryos from 2-cell stage to blastocysts were presented (12) . In this study an increased number of mosaic embryos and an increased percentage of diploid cells were observed during the embryo development up to the blastocyst stage. These results are in agreement with our findings on IVF embryos (Group II). In fact, non-mosaic embryos were found only at early-cleavage stages while all blastocysts were mosaics for the five chromosomes analyzed. At the same time, in mosaic embryos, the percentage of diploid cells per embryos was progressively increased from early-cleavage to the blastocyst stage and all the blastocysts, except one, were diploid mosaic. These results could demonstrate that the probability that chromosomes malsegregate is increased during in vitro culture (20) but, at the same time, a mechanism of cell elimination can progressively reduce the percentage of abnormal cells per embryo during its development up to the blastocyst stage. In fact some apoptotic mechanisms, largely documented in preimplantation embryos, could be evocated as responsible of programmed cell-death of chromosomally abnormal blastomeres (25, 26) . On the other hand, in group I, 16 out of 24 blastocysts were abnormal mosaic for one or both chromosomes 13 and 14, while only one blastocyst was abnormal mosaic solely for chromosome 18. Furthermore, while in group I the percentage of diploid cells per embryo for chromosomes 13 and 14 was lower, as compared with the control chromosome 18, in group II no differences were observed in the percentage of diploid cells per embryo for the five chromosomes analyzed at the three developmental stages. FISH artefacts were evocated to partially explain the phenomenon of mosaicism (27) , but following our observations there are no obvious reasons for which translocations could be more frequently implicated in artefact phenomena as compared with other not-involved chromosomes. Contrary to a previous study (28) , in which tetraploidy was the most common chromosomal arrangement detected in blastocysts, we found in both groups a less frequent detection of tetraploid cells during the embryo development up to blastocyst stage. Some hypothetical explanations were evocated to explain the increased incidence of mosaicism in embryos from carriers of translocations like, for example, an higher incidence of acrocentric chromosomes to malsegregate during mitosis or a predisposition by the translocation itself to malsegregate (18) . That the first hypothesis can be excluded is indicated by our results for the control group in which two acrocentric chromosomes were analyzed, the 13 and 21, and the same incidence of abnormal segregation was observed as compared with the other three nonacrocentric chromosomes (18, X, Y). Whatever is the reason of embryo chromosome mosaicism it has some practical implications. The principal is that it increases the risk of misdiagnosis in case of PGD, which is normally performed on one or two blastomeres. Some cases of misdiagnosis following PGD performed by FISH were recently reported (29) and the debate if the analysis of two blastomeres can reduce the risk of mistakes without reducing the embryo implantation rate is a matter of discussion (30) . FISH analysis is actually largely applied to PGD in case of carriers of reciprocal and RTs (13) (14) (15) (16) (17) (18) (31) (32) (33) . What is evident is that the increased incidence of mosaicism observed for the chromosomes implicated in the translocations, as compared with other not-involved chromosomes, increases the probability of misdiagnosis especially when PGD by FISH is performed on one blastomere.
In conclusion, we observed a higher incidence of abnormal mosaic embryos and of abnormal chromosome segregation patterns for the chromosomes implicated in RT t (13;14) as compared with other chromosomes, from either the same embryos or from embryos from karyotypically normal couples. We strongly recommend performing PGD by FISH analysis on two blastomeres in case of PGD for RT t (13;14) .
